Abstract: In this paper, we proposed a cost-effective broadcast signal transmission scheme using a distributed feedback laser diode (DFB-LD) for wavelength-divisionmultiplexing passive optical network (WDM-PON) systems. The DFB-LD is directly modulated with a single-tone radio frequency signal to generate multiple optical carriers. An optical signal-to-noise ratio (OSNR) is enhanced using a delay interferometer as a double-pass interferometer. Orthogonal frequency division multiplexing (OFDM) and on-off keying (OOK) signals are experimentally demonstrated to test the broadcasting scheme. We measured the bit-error-rate (BER) and the power penalty after the broadcasting OFDM and OOK signals are transmitted through a 25-km single-mode fiber. An excellent performance of BER is achieved for both OOK and OFDM signals. The proposed scheme is a practical and cost-effective solution for broadcast signal transmissions in WDM-PON systems.
Introduction
Optical fiber communication systems transmit information over longer distances and at higher bandwidth than wire cables [1] , [2] . The recent growing demand for high-speed access services has driven the deployment of passive optical networks (PONs) [3] - [5] . PON systems are generally based on time division multiplexing (TDM). Incorporating wavelength-division multiplexing (WDM) in a PON allows one to support much higher bandwidth compared to the standard PON systems. WDM-PON provides unlimited bandwidth, high security, high bit rate, and protocol transparency. However, WDM-PON systems do not effectively broadcast services owing to its virtual point-to-point connection.
Several techniques have been proposed to address the broadcast issue in WDM-PON systems [6] - [9] . Among the proposed techniques, wavelength multiplexing is preferable, owing to an easy separation of a broadcast signal from the downstream signal by an array-wave guide grating (AWG). In these kinds of broadcasting techniques, low-cost, simple, and compact light sources are essential. In the early stage, a directly modulated light emitting diode (LED) was used as a broadband light source (BLS) to transmit broadcast signals [6] . However, the transmission capacity is limited by the high relative intensity noise (RIN) originated from an amplified spontaneous emission (ASE). Additionally, the transmission distance is limited by the available power from the LED. Alternatively, Fabry-Pérot laser diode (FP-LD) was used as BLS [7] - [9] . However, the output power of FP-LD is not stable. Moreover, it is difficult to control the channel spacing as it depends on the resonator length of the LD. Recently, mutually injected Fabry-Pérot laser diode (MI FP-LD) attracts much attention to design BLS [10] , [11] . The scheme proposed in [11] demonstrated broadcast signal using a low noise characteristic MI FP-LD. Although this scheme stabilized the output power, controlling channel spacing remains as a challenge.
In this paper, we proposed a novel broadcast signal transmission scheme for WDM-PON systems by directly modulating DFB-LD with a single-tone radio-frequency (RF) signal. DI is used as a double-pass interferometer to enhance the optical signal-to-noise ratio (OSNR). The broadcasting on-off keying (OOK) and orthogonal frequency division multiplexing (OFDM) signals are experimentally demonstrated in 25 km SMF. In contrast to the previously proposed broadcast systems, our proposed scheme can control the wavelength spacing based on the RF signal. Moreover, the proposed scheme has a stable output power, practical and cost effective solution for broadcasting in WDM-PON systems. Fig. 1 shows the experimental setup for broadcasting OFDM and OOK signals based on DFB-LD. The proposed multi-wavelength laser module is shown in the top-left corner of Fig. 1 , which consists of DFB-LD, optical circulator (OC), OFDM transmitter, reflective semiconductor optical amplifier (RSOA) and DI. The directly modulated DFB-LD generates multiple wavelengths and these wavelengths are directed to DI by the three port OC. DI is based on a free-space optical Michelson interferometer. It has free spectral range equal to the modulated RF frequency and acts as a comb filter. Every generated optical carrier can be located in the pass-band of the DI and the valleys of the carriers will be located in the stop-band of the DI. A round trip through the same DI reduces the linewidth of the transmission peaks and is effective in suppressing spontaneous noise. Therefore, the corresponding noise will be attenuated to a lower value and the OSNR is enhanced. The insertion loss of DI is about 1 dB. RSOA first modulates the broadcasting OFDM or OOK signal and then amplifies the modulated optical signal. The optical signal is sent through a 25 km single-mode fiber (SMF). After propagating through a 25 km SMF, the multi-wavelength light is spectrally sliced by the de-multiplexer. Finally, the de-multiplexed signals are transmitted to optical network units (ONUs).
Experimental Setup and Results
The DFB laser diode is a commercial device with a threshold current of 13.5 mA and has high speed modulation property. It has 4.7 mW output power when biased at 66 mA current. The DFB LD is directly modulated with a 15 GHz RF signal. Fig. 2 shows the frequency response of the DFB-LD when it is driven by different current. As shown in Fig. 2 , the 3 dB bandwidth is above 20 GHz. In an optical direct modulation system, the electric field of modulating an RF signal can be described using the following small-signal approximation formula [12] :
where mðt Þ is the modulation function, m is the intensity modulation index, f m is the modulation frequency, b is the frequency modulation index, j is the phase delay between the intensity and phase modulation, and I o is the dc bias current. This equation proofs that directly modulating DFB laser will simultaneously cause intensity modulation (the square root terms) and phase modulation (the exponent terms). By boosting up the effect of phase modulation, it is possible to achieve a multiband optical carrier. Moreover, the output spectrum of the DFB-LD in a small signal approximation is given by [12] Sðf Þ ¼
where J n ðbÞ denotes the nth-order Bessel function for the first kind, and n represents the number of sideband. Based on the definition of the first kind Bessel function, the numbers of sidebands are proportional to b and the amplitude of each sideband is significantly affected by the RF signal power. We set the RF power to be 20.66 dBm and obtained multiple optical carrier spectrums as shown in the top-left corner of Fig. 1 . OSNR value significantly affects the receiver Q-factor value and as a result it will degrade the relative BER performance of the system. The relationship between the OSNR and the receiver Q-factor is given by [13] where R 1 is the ratio of the peak photocurrent to the average, Áv 0 is the OSNR measurement bandwidth, and B is the receiver bandwidth. Equation (3) indicates that as the OSNR values are reduced, the receiver Q-factor performance will be degraded. Moreover, a lower Q-factor increases the BER. The relation between Q-factor and BER is given by [14] BER
The proposed multi-wavelength laser module enhances OSNR by employing DI. Fig. 3 shows the measured optical spectra before filtered by the DI, at the point marked as (a) in Fig. 1 , and after the noise is filtered out, at the point marked as (b) in Fig. 1 . Although the intensity of the optical carriers is not uniform, we choose ten channels within the range 1553.84 nm-1555.06 nm which have close intensity. If the number of the optical carriers is not enough for the system, inserting an extra DFB laser will double the number of the optical carriers. As DI attenuates noise to a lower value, the generated wavelengths are very clear after filtered by DI, as shown by the red line in Fig. 3 . Hence, the OSNR variation among wavelengths is significantly optimized.
The OC is employed to route the generated optical carriers into/from RSOA via DI, which has free spectral range (FSR) equal to the modulated RF frequency. RSOA modulates the broadcasting OFDM and OOK signals and amplifies the optical signals. RSOA is a key device in WDM-PON systems owing to its wide optical bandwidth, re-modulation, optical amplification, and integration capabilities. Fig. 4 shows the output optical spectrum and power of the RSOA when it is driven by different current. The operating wavelength is from 1527 nm to 1575 nm, and the saturation output power is about 2.5 mW. As shown in the Fig. 4 , the relationship between the output power and the drive current is linear around 80 mA. Hence, the bias current of RSOA is set to be 80 mA. Among the ten wavelengths, four wavelengths, i.e., 1554.991 nm, 1554.628 nm, 1554.266 nm, and 1553.901 nm, are filtered to evaluate the OSNR, power stability, and power penalty. Fig. 5 shows the measured OSNR of the four optical carriers. In all of these four wavelengths, the achieved OSNR is greater than 51 dB.
Power stability on multi-wavelength operation is crucial for practical applications. To evaluate the power stability performance of the system, we measured the received power at four ONUs for 40 minutes. Fig. 6 shows the output power stability of the four ONUs (1554.991 nm, 1554.628 nm, 1554.266 nm, and 1553.901 nm). As shown in the figure, the output power in all of the four ONUs is very stable and the range of variation is less than 0.4 dB. This power variation is better than the power variation in FP-LD, which has larger amplitude fluctuation due to the mode partition noise [15] , [16] .
To investigate the transmission performance of the system, we measured the BER of the broadcasted OOK and OFDM signals at four ONUs. Fig. 7 shows the BER curve, eye-diagram, and power penalty of the four ONUs for the 622 Mb/s OOK signal. Due to the speed limitation of our RSOA device, we have demonstrated the experiment at the transmission speed of 622 Mb/s. The transmission rate of WDM-PON systems can be increased up to 25.78 Gb/s using high speed RSOA [17] . The BER curves and the eye-diagrams for back-to-back (BTB) and the 25 km transmission show that we achieved an error-free transmission and clear eye-diagrams. Moreover, the power penalty in each of the four ONUs (ONU1, ONU4, ONU7, and ONU10) is less than 0.4 dB. Similarly, Fig. 8 shows the BER curve, constellation pattern and power penalty of the broadcasted OFDM signal at the four channels. OFDM is a promising technology that has very high spectrum efficiency and robust dispersion tolerance to improve the transmission performances and capabilities of radio-over-fiber systems [18] - [20] . We generated an OFDM signal using the Matlab program and loaded it into a 10 GS/s arbitrary waveform generator. The We generated a 312.5 Mb/s OFDM signal. On the receiver side, the signal is detected by PD and fed into the OFDM receiver. The waveform of the received OFDM signal is captured by a real-time scope with a 20-GS/s sampling rate and a 3-dB bandwidth of 4 GHz. The signal is demodulated using an offline Matlab digital signal processing program. As shown in Fig. 8 , the constellation pattern is very clear after the 25 km of SMF transmission. The OFDM signal in each of the four ONUs has a power penalty less than 0.8 dB.
Conclusion
This paper introduces a novel broadcast signal transmission scheme using DFB-LD for WDM-PON systems. Multiple wavelengths are generated by directly modulating the DFB-LD with a single-tone RF signal. The generated wavelengths have a stable output power and the wavelength spacing can be controlled using an RF signal. RSOA modulates the broadcasting OFDM and OOK signals. The proposed scheme enhances OSNR by employing DI as a double-pass interferometer. An excellent performance of BER is achieved for both OOK and OFDM signals. Therefore, the proposed scheme is practical and cost-effective solution for broadcast signal transmission in WDM-PON systems.
